Flow-mediated dilatation evaluation using hand skin heating may possibly be more accurate than post-ischaemic hyperaemia to detect conduit artery endothelial dysfunction in type 1 diabetes. We measured in 24 type 1 diabetic patients (n=16 without microangiopathy) and 24 healthy matched subjects radial artery diameter (echotracking), blood flow and mean wall shear stress during heating and post-ischaemic hyperaemia. Compared with controls, flow-mediated dilatation was lower in diabetic patients during post-ischaemic hyperaemia and heating. However, in the subgroup of uncomplicated patients, a decreased flow-mediated dilatation was only apparent during heating (17.1±1.6% vs. 24.3±0.7%, p<0.05) but not during post-ischaemic hyperaemia (10.1±1.1% vs. 10.5±0.6%, NS). This was confirmed by the lower slope of the diameter-mean wall shear stress relationship in these patients in the absence of modification in endotheliumindependent dilatation. We conclude that hand skin heating permits the early detection of conduit artery endothelial dysfunction in type 1 diabetic patients with normal response to post-ischaemic hyperaemia. This procedure could be useful to investigate the prognostic role of vascular dysfunction and the impact of vasculoprotective treatments in this patient population.
Introduction
The clinical management of patients with type 1 diabetes is based on an effective control of glucose, lipid and blood pressure levels. 1 However, optimal metabolic control is frequently difficult to achieve and could be insufficient to prevent the development of the microvascular and macrovascular lesions that represent the major causes of morbidity and mortality in type 1 diabetes. [1] [2] [3] [4] In this context, the need for new markers of cardiovascular integrity is of clinical importance to elaborate appropriate therapeutic strategies in order to limit the development of these lesions. The early detection of conduit artery endothelial dysfunction may help to improve the management of patients with type 1 diabetes at high cardiovascular risk. In fact, endothelial dysfunction, characterised by an imbalance between vasorelaxant and vasoconstricting factors, is an early stage process involved in the physiopathology of many cardiovascular diseases and is observed in humans with vascular risk factors. 5, 6 Moreover, the presence of an endothelial dysfunction is predictive of future cardiovascular events in patients with peripheral vascular disease, including diabetic patients. 7 study, an altered FMD in response to heating in uncomplicated diabetic patients; however, we did not compare this method with post-ischaemic hyperaemia. 15 A major advantage of heating is to induce a progressive increase in forearm blood flow and conduit artery diameter, and thus to enable the calculation of the mean wall shear stress, i.e. the FMD stimulus, at each level of stable flow. 13, 14 It is thus possible to construct the diameter-shear stress relationship and to compare FMD between groups at comparable levels of stimulus. 13, 14 Furthermore, heating can also provide, by the calculation of mechanical parameters, significant insights into the effects of type 1 diabetes regarding the adaptation of the arterial elastic properties during physiological blood flow variations. 16, 17 This is particularly important since this adaptation mainly contributes to maintaining an appropriate arterial conductance and ventricular vascular coupling, in particular during exercise. 16, 17 Therefore, in present study we were prompted to evaluate whether hand skin heating may facilitate the early detection of conduit artery endothelial dysfunction in type 1 diabetic patients, as compared with post-ischaemic hyperaemia.
Methods Population
Twenty-four patients with type 1 diabetes (mean duration: 15.6±1.3 years) were recruited in the Department of Endocrinology at Rouen University Hospital. The presence of microangiopathy was assessed in all patients and defined as the presence of microalbuminuria (urinary albumin excretion rate between 30 and 300 mg/24 h), retinopathy (fundus examination) or neuropathy (evaluated by heart rate and blood pressure responses to standing up and Valsava manoeuvre). Sixteen patients did not present any of these complications and constituted the subgroup of uncomplicated diabetic patients. Twenty-four healthy control subjects matched with the diabetic patients for age, sex, BMI and lipids levels were also recruited for the study. All the participants were normotensive (<140/90 mmHg), with no macroalbuminuria (urinary albumin excretion rate >300 mg/24 h) or clinical evidence of macrovascular disease and were on no medication apart from insulin treatment. Population characteristics are summarised in Table 1 . The protocol was approved by the relevant Committee for the Protection of Persons (CPP de Haute-Normandie), and all participants gave their written informed consent.
Haemodynamical measurements
Measurements were performed while subjects were in a supine position in a quiet, air-conditioned room, maintained at a constant temperature (22°C to 24°C). Systemic arterial pressure and heart rate were measured by means of a sphygmomanometer and a brachial cuff oscillometric device (Dinamap 8103, Critikon). Radial internal diameter, wall thickness, blood flow velocity and digital arterial pressure were continuously measured using a high-precision echotracking device (NIUS 02, Asulab) coupled to a Doppler system (Doptek, Deltex) and a finger photoplethysmograph (Finapres System, Ohmeda) as previously described. 8, 13 Radial artery flow was calculated from the measurement of blood velocity and diameter. 
Endothelial function testing
Post-ischaemic hyperaemia An arterial occlusion cuff was placed on the wrist, inflated for 10 min, 50 mmHg above systolic blood pressure, and was deflated to allow post-ischaemic hyperaemia with the continuous measurements of all parameters. Post-ischaemic hyperaemia was characterised by the peak flow (maximal increase in blood flow) and the duration of the increase in flow (t 1/2 : time elapsing between peak hyperaemia and return to 50% of this peak). 18, 19 Hand skin heating The hand skin temperature was modified by use of a water-filled thermo-controlled device (Polystat 1, Bioblock Scientific). The hand was introduced in the thermo-controlled tank by use of a thin watertight glove fixed to the device. The device was then filled with water and the temperature was fixed to 34°C for 20 min. Then, hand skin heating was performed by gradually increasing the water temperature to 38, 40, 42 and 44°C. Each level of temperature was maintained for 10 min. Total blood viscosity was measured using a cone-plate viscometer (Ex100 CTB, Brookfield) at a shear rate of 241 sec -1 at 37°C. 13, 14, 16, 17 From the individual values of radial artery diameter (d), flow (Q), and viscosity (µ), the mean arterial wall shear stress was calculated at each level of temperature based on a Poiseuillean model, i.e. t=[(4µQ)/(pr3), (r=d/2)]. The diameter-shear stress relationships were constructed in type 1 diabetic patients and control subjects with similar increase in shear stress to compare these two groups at the same level of stimulus. 13, 14, 16, 17 In addition, the adaptation of arterial mechanics to flow increase was evaluated in these subjects by the calculation of arterial compliance at 34°C and 44°C. In this respect, from the values of arterial pressure (p), internal diameter (d), and wall thickness (h), the cross-section (S)-pressure curve was adjusted as S=a[p/2+tang -1 ([pß]/g)], S=pd²/4 where a, ß, and g were the three optimal fit parameters of the model. 16, 17 The cross-sectional compliance (C) was calculated as C=
. Midwall stress (s) was calculated as s=2p(r i . r e /r)²/(r e ²-r i ²) where r e and r i were the external and internal radii, respectively, and i the radius at midwall (r=(r e +r i )/2). 16, 17 Then, the compliancemidwall stress curves were constructed at 34°C and 44°C to assess the effect of flow increase in uncomplicated diabetic patients and controls at identical levels of wall-loading conditions, i.e. suppressing the confounding effects of changes in arterial geometry or pressure. 16, 17 The reproducibility in FMD was used to calculate the statistical power of the study for each method when considering the maximal variation in radial artery diameter during post-ischaemic hyperaemia and hand skin heating assessed in 12 healthy subjects explored twice at a 30-day interval. The variance of the mean difference in FMD between the 2 days of exploration was 6.8 µm for post-ischaemic hyperaemia and 6.4 µm for heating. Thus, 24 subjects per group allowed to detect a significant difference in the amplitude of FMD between these two groups of 6.5 µm for post-ischaemic hyperaemia and of 6.2 µm for heating with a 90% power at the two-sided 5% significance level. Similarly, 16 subjects in the subgroup of uncomplicated diabetic patients allowed us to detect a significant difference between groups of 8.0 µm for post-ischaemic hyperaemia and of 7.6 µm for heating.
Study protocol
All the participants were evaluated at 0830 h. Blood samples were drawn to quantify the biological parameters. Arterial blood pressure, heart rate, radial artery flow and diameter were recorded at baseline for 5 min and the test of post-ischaemic hyperaemia was carried out. After return to baseline parameters, the test of hand skin heating was performed. Finally, endothelium-independent dilatation was assessed using 0.3 mg sublingual GTN.
Statistical analysis
The statistical analysis was performed by using the Systat ® package (SYSTAT 8.0, SPSS). Results are expressed as mean±SEM. Between-group comparisons of baseline parameters and percent changes in radial artery flow and diameter were performed by ANOVA. Analysis of changes for serial parameters during heating was performed by repeated-measures ANOVA. Analysis of changes in diameter during heating was repeated using wall shear stress as covariate. When ANOVA was significant, paired t tests adjusted for multiple comparisons analysis were performed. In addition, multiple stepwise regression analysis was used to explore in the diabetic patients the relation of radial artery FMD in response to post-ischaemic hyperaemia and heating to the presence of diabetic clinical complications (No=0, Yes=1), age, BMI, mean arterial pressure, total cholesterol, creatinaemia, fasting glycaemia, HbA 1c , insulinaemia, diabetes duration and patients as variables. A value of p<0.05 was considered statistically significant.
Results

Patients' characteristics
There was no significant difference between the diabetic and control groups as regards age, sex ratio, BMI, number of smokers, blood pressure, lipid levels, creatininaemia and blood viscosity ( Table 1) . As expected, fasting glycaemia, glycosylated haemoglobin and insulinaemia were higher in the diabetic group compared with the control group (both p<0.001).
Post-ischaemic hyperaemia
At baseline, there was no difference between the diabetic and control groups for radial artery diameter and blood flow ( Table 2) . During post-ischaemic hyperaemia, radial artery blood flow and diameter increased in both groups (both p<0.05). The peak flow and the t 1/2 were similar between groups, but radial artery FMD was significantly lower in the diabetic group (9.2±0.8%) as compared with the control group (10.5±0.9%, p<0.05). However, when the analysis was performed in the subgroup of patients without microangiopathy, FMD was no longer reduced as compared with controls ( Figure 1) . This result was supported by the multiple stepwise regression analysis, revealing that in the entire diabetic population the presence of clinical complications was significantly associated with lower FMD (Beta=-7.033±1.969, p=0.009). In addition, creatinine levels were negatively correlated with the amplitude of FMD (Beta=-0.233±0.083, p=0.026), whereas subject, age, BMI, mean arterial pressure, total cholesterol, fasting glycaemia, glycosylated haemoglobin, insulinaemia and diabetes duration were not significant predictors in this model (R²=0.730).
Hand skin heating
Radial artery flow, wall shear stress and diameter increased with temperature in both groups (Figure 2, each p<0.001) . The increase in radial artery blood flow, mean wall shear stress and diameter was significantly lower in the diabetic group as compared with the control group (all p<0.01). Thus, the magnitude of the increase in blood flow (from 34° to 44°C) was significantly reduced in the diabetic group (290±53%) as compared with the control group (502±34%, p<0.05). Similarly, the magnitude of radial artery FMD was significantly lower in the diabetic group (16.0±1.4%) as compared with the control group (24.3±0.7%, p<0.05). These lower increases in flow and in FMD were still observed in the subgroup of patients without microangiopathy ( Figure 3 ). To confirm this alteration, we constructed the diameter-mean wall shear stress relationship in nine uncomplicated diabetic patients and 18 control subjects ( Figure 4 ) matched for their similar increase in wall shear stress at each level of temperature during heating and with no difference in their baseline characteristics. Radial artery diameter increased in these two groups with wall shear stress (both p<0.001), but this increase was less in uncomplicated diabetic patients as compared with controls (p<0.05). Therefore, the multiple stepwise analysis did not show any correlation between the FMD and the presence of complications as with the other usual parameters in the entire diabetic population (R²=0.251). Figure 5 . shows the compliance-midwall stress relationships in uncomplicated diabetic patients and controls under basal conditions at 34°C and at the end of hand skin heating at 44°C. Radial artery compliance decreased with midwall stress in all cases (p<0.001). At 34°C, radial artery compliance was significantly lower at each level of midwall stress in diabetic patients as compared with controls (p<0.01). Heating induced an upward shift of the curve in both groups (p<0.001). However, this shift was reduced in patients (mean shift between 34°C and 44°C: 2.4±0.3 10 -8 m² kPa -1 ) as compared with controls (4.7±0.4 10 -8 m² kPa -1 , p<0.01).
Endothelium-independent dilatation
GTN administration induced a similar increase in diameter in the uncomplicated (base: 2.49±0.10 mm; GTN: 27.3±2.1%) and complicated (base: 2.53±0.15 mm; GTN: 30.0±2.8%) diabetic patients and in control subjects (base: 2.56±0.13 mm; GTN: 30.4±1.7%).
Discussion
The present study demonstrates that the measurement of radial artery FMD in response to hand skin heating allows the detection of conduit artery endothelial dysfunction in uncomplicated type 1 diabetic patients while the vasodilator response to post-ischaemic hyperaemia was not affected. Furthermore, heating revealed in these patients an altered adaptation of arterial compliance in response to the increase in flow.
The population of the study was selected to limit the influence of confounding factors known to modify endothelial function, i.e. cardiopathy, clinical signs of atherosclerosis or hypertension, and the patients with diabetes were matched with control subjects for the major vascular risk factors: age, BMI, smoking, blood pressure and lipid levels. We evaluated conduit artery endothelial function by measuring the magnitude of radial artery FMD in response to the commonly used post-ischaemic hyperaemia and a more recent method developed in our laboratory, hand skin heating.
At baseline, there was no difference in radial artery diameter and flow between the diabetic and control groups, in accordance with most of the studies performed in type 1 diabetic patients. 9, 10, [20] [21] [22] [23] [24] [25] During post-ischaemic hyperaemia, the radial FMD was decreased in type 1 diabetic patients as compared with controls without difference in peak and duration of hyperaemia. However, when exclusively measured in the subgroup of patients without microangiopathy, FMD was no longer reduced. Based on this finding, the multiple stepwise regression analysis revealed that the presence of microangiopathy is a major determinant of the magnitude of FMD during post-ischaemic hyperaemia together with creatinine levels as recently reported in high-risk population. 26 These results, observed without significant modification in the degree of reactive hyperaemia, are in accordance with most of the studies performed in type 1 diabetes. In fact, the absence of conduit artery endothelial dysfunction is generally observed in patients without microalbuminuria and with a relatively good metabolic control, 9, 11, 12, 20, 21 whereas when patients with clinical complications and/or HbA 1C over 9% are included in the study population, impaired endotheliumdependent vasodilatation has been consistently reported. [22] [23] [24] Nevertheless, an impairment of brachial artery FMD in response to post-ischaemic hyperaemia has been reported in type 1 diabetic children and teenagers with good metabolic control and without clinical diabetic complications, demonstrating that endothelial dysfunction can precede the occurrence of these complications. 10, 25 These conflicting results raise the question of the role of other genetic or environmental factors in the early development of endothelial dysfunction, 12 and underline the importance of the ability of the methods used to detect an altered FMD. In this context, the evaluation of FMD using a more prolonged hyperaemic stimulation could be useful to detect conduit artery endothelial dysfunction in type 1 diabetic patients at an early stage. 15 As regards the hand skin heating method, we observed in the diabetic group a lower increase in radial artery flow as compared with controls which is already present in the uncomplicated patients. This result, observed in the absence of difference in blood pressure between groups, suggests an altered skin microvascular reactivity in type 1 diabetes. In fact, the increase in regional blood flow during local skin heating has been shown to be limited to the skin, with no dilatation of the underlying muscular vascular bed, in contrast to post-ischaemic hyperaemia. 27 Thus, abnormal vascular reactivity may be detected at an early stage in subcutaneous resistance arterioles using the hand skin heating method, which in post-ischaemic hyperaemia remains undetected.
Using laser Doppler skin flow measurements associated to local heating, post-ischaemic hyperaemia and iontophoresis, the presence of an alteration in skin microvascular reactivity has been reported in complicated type 1 diabetic patients, but has only been observed in uncomplicated patients in limited studies. [28] [29] [30] [31] [32] The deleterious mechanisms involved could be related to the presence of structural vascular abnormalities such as capillary rarefaction, or to an endothelial dysfunction of the cutaneous microvasculature. 29, 32 In particular, under our experimental conditions, this altered response could reflect an increase in the release by the endothelium of reactive oxygen species which interact with NO to regulate the skin arteriolar dilatation to heating. 14 Furthermore, in the diabetic group heating induced a smaller increase in radial artery diameter with temperature as compared with controls, even when evaluated only in uncomplicated patients, demonstrating an early conduit artery endothelial dysfunction. The multiple stepwise analysis confirms this finding since the magnitude of FMD during heating, in contrast to post-ischaemic hyperaemia, was not correlated to the presence of microangiopathy. This observation was not related to an impaired reactivity of the vascular smooth muscle as observed previously, 9, 21, 22 because GTN-induced dilatation was similar in all groups. In addition, this altered FMD did not result from the decrease in the hyperaemic stimulation. Indeed, the smaller increase in diameter in response to a similar increase in wall shear stress in uncomplicated type 1 diabetic patients compared with controls shows that this endothelial dysfunction is independent from the alteration in flow stimulus. Furthermore, we observed in uncomplicated type 1 diabetic patients a lower radial artery compliance under baseline conditions but also during heating. This early alteration in the arterial elastic properties could have hampered the buffering function of the arterial system, in particular during the increase in blood flow, therefore contributing to the increase in cardiovascular morbidity and mortality in type 1 diabetes. 16, 17 As regards the mechanisms involved, the higher ability of hand skin heating to detect conduit artery endothelial dysfunction in uncomplicated type 1 diabetic patients in comparison the post-ischaemic hyperaemia could be related to the sustained flow stimulus obtained with this method. 13, 14 In fact, the increase in flow during heating is close to physiological conditions such as prolonged physical exercise and induces a larger increase in diameter than post-ischaemic hyperaemia. In practice, it is easier to measure and thus may allow to better detect small differences in the magnitude of FMD between two populations, even if the reproducibility of the two methods are close. 13 Furthermore, whether or not an increased production of vasodilator prostanoids may have masked the deficit in NO production to maintain the FMD in response to post-ischaemic hyperaemia in uncomplicated diabetic patients as previously reported at the arteriolar level 33 remains to be fully investigated. However, this appears unlikely since preliminary experiments performed in some uncomplicated diabetic patients in the present study showed no difference between the magnitude of FMD in response to post-ischaemic hyperaemia or to heating before and 1 h after oral aspirin administration (n=5, data not shown). Similarly, a role for neuronal NO-synthase cannot be ruled out in maintaining FMD in response to post-ischaemic hyperaemia. However, to our knowledge, its involvement has only been reported in healthy volunteers at the arteriolar level, maintaining basal tone but not endothelium-dependent dilatation. 34 Finally, the relative importance of NO and EDHF during FMD in response to heating and post-ischaemic hyperaemia could be different. In fact, the application of longer duration of shear stress is probably associated with a decrease in the relative importance of NO in the resulting FMD. 14, 35 In this regard, we recently demonstrated that FMD in response to the sustained stimulation induced by heating is not only mediated by NO but also by a cytochrome-related EDHF, the importance of which increases when NO availability decreases. 14 Therefore, type 1 diabetes may be associated with an early altered EDHF availability, as suggested by some studies revealing a selective impairment of this vasodilator pathway in type 1 diabetic rats. 36 This hypothesis is consistent with the inappropriate adaptation of radial artery mechanics in response to the increase in flow in uncomplicated patients, which is also dependent on EDHF release. 16 Since cytochrome-related EDHF displays numerous vascular protective biological properties, 14, 37 additional experiments are warranted to characterise in vivo during type 1 diabetes the evolution of the balance between NO and this EDHF using invasive pharmacological testing. This could lead to the development of a new pharmacological approaches to reverse endothelial dysfunction and enhance vascular protection in type 1 diabetes.
Conclusion
Our results, obtained with hand skin heating, demonstrate that conduit artery endothelial dysfunction and the alteration in arterial elastic properties are present in type 1 diabetic patients before the appearance of usual clinically detectable complications. The method of hand skin heating thus appears to be a useful research tool to evaluate the effects of drugs which affect the cardiovascular system in diabetic patients, and to monitor the reversibility of endothelial dysfunction. Furthermore, the procedure of heating allows a stable and easy measurement of FMD, in contrast to post-ischaemic hyperaemia, 13 and can be simplified with a duration of less than 30 min. 14 The early detection and treatment of vascular dysfunction using this method could constitute an interesting target in the therapeutic management of uncomplicated type 1 diabetic patients. This would prevent the occurrence of microvascular and macrovascular complications to decrease cardiovascular morbidity and mortality.
